ABSTRACT
INTRODUCTION
Drowned river-mouth lakes form dynamic transition zones between lotic and lentic systems, and often are characterized by high rates of biological productivity (Larson et al., 2013) . These lakes are common along Lake Michigan's eastern shoreline where they can be influenced by both a Great Lake and inflowing river water (Albert et al., 2005) . Similar to estuarine systems, these lakes serve as hydrologic mixing zones, processing material moving both from the watershed to Lake Michigan and from Lake Michigan back up to the watershed (Larson et al., 2013) . The geological history of drowned river-mouth lakes dates back ~10,000 years when the last glaciers retreated to the north and the rising Great Lakes water levels flooded the eroded river mouths. Their complex hydrodynamics can influence material transport and processing, with associated implications for biological structure and function (Trebitz et al., 2009; Larson et al., 2013) . For example, fish composition within coastal wetlands differs depending on their Great Lake connectivity (i.e., lacustrine-protected vs barrier-beach lagoons, Trebitz et al., 2009 ). Due to their locations near areas of development and human population centers, many of these drowned river-mouth lakes are heavily utilized by humans, which can result in ecological impairment and loss of ecosystem services (cf. Riseng et al., 2010) . However, our understanding of drowned river mouth hydrodynamics is limited by data availability.
The unique hydrologic nature of drowned river-mouth lakes also may influence phytoplankton dynamics; it is unclear how well the phytoplankton follows the expected pattern of change common to north temperate lakes. The seasonal succession of freshwater plankton in a standard lake is described in the Plankton Ecology Group (PEG) model (Sommer et al., 1986) . According to this model, phytoplankton development starts with small cryptophytes and small centric diatoms in spring under an abundance of nutrients and light. In early summer, when nutrients are still available, cryptophytes and chlorophytes develop. They are followed by large diatoms when nutrients such as phosphorus are still available. In summer, when silica becomes the limiting nutrient and temperature is high, diatom growth is constrained and dinoflagellates or cyanobacteria dominate. Finally, in autumn there is a N o n -c o m m e r c i a l u s e o n l y shift back to diatoms as the mixing depth increases, light conditions deteriorate, and nutrients become available again. More recently, seasonal changes in species composition may include toxin-producing species (harmful algal blooms, HABs) that may pose ecological and human health risks (Ibelings and Chorus, 2007) .
Phytoplankton composition can be very diverse as it encompasses organisms with different morphologies (e.g., unicellular prokaryotic and colonial eukaryotic organisms with various shapes and sizes) and phylogenetic histories. As a result, multiple species inhabit the same environment and share the same resources (paradox of the plankton, Hutchinson, 1961) . These species associations constitute functional groupings with similar morphological, ecological, and physiological traits (Reynolds et al., 2002; Kruk et al., 2010 ; but see Narwani et al., 2013) , whose trade-offs allow for the coexistence of multiple species (Litchman and Klausmeier, 2008) . For example, many HAB producing algae have differing eco-physiological traits, which may enable them to co-exist or dominate depending on local environmental conditions (Litchman et al., 2010; Carey et al., 2012) . Two widely used functional classifications are based on species ecological preferences (Reynolds et al., 2002; Borics et al., 2007; Padisak et al., 2009) or their morphology (Kruk et al., 2010) . Therefore, we chose to use functional groups as an additional way to understand phytoplankton dynamics in understudied drowned rivermouth lakes, many of which are experiencing a decline in water quality due to eutrophication and HABs.
The harmful algal blooms are one of the major impairments affecting Mona Lake, a drowned river-mouth lake with water quality degradation and a history of impairment (Evans, 1992; Steinman et al., 2006) . Mona Lake's two main tributaries experienced pollution from various industries (e.g., petroleum refinery, metal finishing plant, superfund site) and are placed on the state of Michigan's 303(d) list for impaired fish and macroinvertebrate communities. The lake itself is surrounded by residential development and is subjected to urban runoff and associated nonpoint source pollution. High nutrient concentrations (excessive phosphorus loading) from external and internal (Steinman et al., 2009 ) sources have resulted in summer phytoplankton blooms, anoxic conditions, and fish kills in Mona Lake from the 1950's through the 1980's (Evans, 1992) . Collectively, these activities have led to degradation of water quality, occurrence of HABs, and disrupted food webs . In the summer of 2007, microcystin concentrations (the most common toxin produced by HABs) reached 317 µg/L (Rick Rediske, personal communication), which is 16 times greater than the 20 µg/L standard for recreational water usage (WHO, 1999) . Several potentially toxic cyanobacteria genera, including Microcystis and Cylindrospermopsis, have been observed in Mona Lake (Hong et al., 2006) . Given the extant information on this river-mouth system, it represented a good candidate for examining phytoplankton dynamics across spatial and temporal scales.
Our objectives were to describe phytoplankton species composition and functional groups (Reynolds et al., 2002; Kruk et al., 2010) in three hydrologic zones (Great Lakeinfluenced, lotic-influenced, and transitional) and at four temporal scales (spring, summer, fall, and winter); and assess whether the phytoplankton dynamics in Mona Lake can be explained with conventional phytoplankton models, such as PEG.
METHODS

Study site
Mona Lake is a small (2.65 km 2 ), shallow (mean depth 5 m), drowned river-mouth lake located in Western Michigan (Fig. 1) . The lake discharges to the west into Lake Michigan through a dredged navigational channel, which also can provide bidirectional flow to and from Lake Michigan . Mona Lake is dimictic, stratifying in the summer and freezing in most winters. The Mona Lake watershed (~200 km 2 ) includes two main tributaries and a number of small inflows to Mona Lake. The major land uses include forest (35%), urban/developed (32%), and agriculture (17%). Most of the population in the watershed is in the immediate surroundings of the lake (Evans, 1992) where the impervious area is >22% . Hydraulic residence times (HRT) vary from ~1 month in wet conditions to ~4 months under dry conditions (Evans, 1992) ; this relatively short HRT reflects the lake's almost reservoir-like nature, serving as a short-term detention zone before discharging to Lake Michigan.
Field sampling and lab analysis
Monthly sampling was conducted at four sites ( Fig. 1) , covering the hydrological gradient of the lake. Study sites were selected to capture three zones of differing hydrological influences: Great Lake-influenced (Site 1, closest to Lake Michigan), transitional (Sites 2 and 3), and lotic-influenced (Site 4). Site 4 is most strongly influenced by tributary inflow, due to its proximity to Black Creek and Cress Creek, which contribute a combined 82.5% of the annual inflow to Mona Lake . Sampling was conducted between May and October 2002, and again between February and August 2003 (excluding March) , resulting in 48 phytoplankton samples. At each site, field measurements and water quality samples were taken at 1 m below the lake surface and at 1 m above the lake bottom (96 samples total). Field measurements including water temperature, dissolved oxygen, conductivity, total dissolved solids, turbidity, pH, oxidation-reduction potential were ob-N o n -c o m m e r c i a l u s e o n l y tained with a Hydrolab DataSonde 4a. Water quality samples were collected with Van Dorn bottles, transferred to acid-washed bottles, and stored on ice until returned to the laboratory. Water quality variables included chloride, sulfate, nitrate (analyzed by ion chromatography on a Dionex DX500; APHA 1999), ammonium, total Kjeldahl nitrogen, soluble reactive phosphorus, total phosphorus (analyzed on BRAN-LUEBBE Autoanalyzer; US EPA, 1983), alkalinity, and chlorophyll a. Water clarity was measured with a Secchi disk and irradiance with a Li-Cor quantum sensor. Samples for chlorophyll a were analyzed in the laboratory using standard methods (APHA, 1999) . Two unexpected events happened in the summer of each sampling year. The first event was a lift station failure in Little Black Creek (Fig. 1) Phytoplankton samples, collected with Van Dorn bottles at 1 m below the water surface and 1 m above the lake bottom, were integrated over depth for each site. Each sample was fixed with Lugol's solution (1% final concentration). Identification and enumeration of phytoplankton cells were done at 450x or 1000x on a Nikon Eclipse TE200 inverted microscope under phase contrast illumination using the settling technique of Utermöhl (1958) . Between 200-300 algal units (cells or filaments) were counted from each sample. Algal taxon biovolume was estimated with mathematical formulae for their appropriate geometric shapes (Hillebrand et al., 1999) . Individual taxa biovolumes were multiplied by their corresponding units to obtain total taxa biovolume per sample. Relative biovolume was used in all subsequent analyses in order to make species abundance more comparable among samples. Each taxon was assigned to an ecologically-based functional group (FG; Reynolds et al., 2002; Borics et al., 2007; Padisak et al., 2009 ) and a morphologically-based functional group (MBFG; Kruk et al., 2010) . Since phytoplankton samples at each site were integrated over different depths, whereas the environmental data were Fig. 1 . Map of Mona Lake with locations of sampling sites. Site 1 (Great Lake-influenced is closest to Lake Michigan), sites 2 and 3 are transitional, site 4 is lotic-influenced (close proximity to the lake's main tributary). Inset: location of Mona Lake watershed within Michigan's lower peninsula. collected from two discrete depths (surface and bottom), we averaged the environmental data from each site for all analyses that involved a relation between phytoplankton and their environment.
Data analysis
To examine whether environmental conditions between surface and bottom samples were significantly different (α=0.05), we used t-tests or Wilcoxon rank-sum tests (when assumptions were not met). To assess the presence of spatial (four sites) and temporal (monthly) patterns in phytoplankton biovolume and chlorophyll a, a one-way analysis of variance (ANOVA) was used. Monthly samples were treated as independent events because phytoplankton communities change rapidly due to the short life cycles of their species and the relatively short HRT in Mona Lake. Values that did not approximate normal distributions were log 10 or square root-transformed. If transformations did not result in normalized distribution, the non-parametric Kruskal-Wallis test was used. Statistically significant (α=0.05) differences were further analysed with pairwise t-tests with Bonferroni correction for multiple comparisons.
To describe phytoplankton communities in the three hydrologic zones (Great Lake-influenced, lotic-influenced, and transitional) and at the two temporal scales (fast and slow HRT), we used non-metric multidimensional scaling (NMDS) ordination. NMDS used the BrayCurtis similarity coefficient as a distance measure (Bray and Curtis, 1957) , after exclusion of rare taxa (<1% of sample's relative biovolume). Solutions with stress values <20 were considered good ordinations (Clarke, 1993) . To identify environmental variables (fitted as linear vectors) related to the phytoplankton communities, the function envfit was used (Oksanen et al., 2009) . The significance (α=0.05) of each vector was assessed with a goodness-offit statistic (r 2 ) using 1000 permutations. Ordinations were based on species data, phylogenetic, and functional groups. Temporal scale was defined by four seasons: spring (March-May), summer (June-August), fall (September-November), and winter (December-February). To assess whether the phytoplankton dynamics in Mona Lake can be explained with conventional phytoplankton models, such as PEG, the NMDS ordination representing major algal divisions was used. All data analyses were completed in R language and environment for statistical computing (R Development Core Team, 2012) .
RESULTS
Environmental conditions
Most environmental conditions in Mona Lake varied over space and time. Spatially, there were gradual changes from site 1 (Great Lake-influenced, closest to Lake Michigan) to site 4 (lotic-influenced), including depth and Secchi disc transparency (site 1, 7.98 m and 0.78 m, respectively; site 4, 4.12 m and 0.60 m, respectively) ( Fig. 2 G-H ), and light extinction coefficient (1.72 to 2.53) exhibited the opposite pattern (Fig. 2) .
Spatial differences throughout the lake may be masked by site-level differences between surface and bottom samples. Except for chlorophyll a ( Fig. 2A ), the variables that had somewhat higher concentrations on the bottom were ammonia, conductivity (Fig. 2B) , SRP, total alkalinity, TKN (Fig. 2D ), and TP (Fig. 2E ). In contrast, DO ( Fig. 2C ) and temperature ( Fig. 2F) were lower at the lake bottom compared to the surface. Bottom DO concentrations increased from site 1 (Great Lake-influenced) to site 4 (loticinfluenced), while TKN and TP declined in the same direction. Overall, some environmental variables (e.g., chlorophyll a, chloride, nitrate, sulphate, and turbidity) were the same (P>0.05) at the surface and the bottom of the lake (Tab. 1).
Temporally ) was measured in February 2003. There were no significant (P>0.05) differences in biovolume and chlorophyll a concentrations among sites, but there were significant differences (P≤0.05) among sampling dates. Mean monthly phytoplankton biovolumes in May, July, and August of 2003 were significantly higher than the rest of the samples.
Phytoplankton community structure
A total of 94 taxa were observed during the course of this study. The most diverse group of algae was the chlorophytes (35 taxa) followed by cyanobacteria (29) and diatoms (17). The remaining algal divisions included dinoflagellates (5 taxa), euglenoids (4), cryptophytes and chrysophytes (2 taxa each). The average taxa richness in The NMDS plot (based on 59 common taxa, after exclusion of 35 rare taxa) revealed a much stronger temporal than spatial influence on phytoplankton species composition in Mona Lake (Fig. 3) . Sampling sites had more similar species compositions than sampling dates, i.e., samples from all 4 sites collected on the same date were clustered together as opposed to individual sites being clustered together across dates. However, there was a continuous change in species composition between months in both years (e.g., samples from adjacent months were closer to each other than to more distant months). Spring samples shared similar species (May, 2002 and May, 2003) as indicated by their close proximity to each other on the ordination plot. The two most separated clusters of samples (July and August 2003, right side of Fig. 3 ), collected 2 weeks to a month after algaecide treatment, had distinct species compositions; July samples were dominated by Stephanodiscus sp. Ehrenberg (relative biovolTab. 1. Environmental variables summarized with their means (±SD), and ranges for the Mona Lake dataset.
Environmental variables
All Environmental variables that correlated highly with the ordination space defined by species composition included total phosphorus, temperature, and dissolved oxygen (Tab. 3). The first NMDS axis (NMDS I) defined a gradient from samples with high temperature, total phosphorus, and turbidity (e.g., summer samples, right side of Fig. 3 ) to samples with high conductivity, dissolved oxygen, nitrate, and chloride (e.g., winter and spring samples) as indicated by the opposite direction of their corresponding vectors (Fig. 3) . The second NMDS axis (NMDS II) was significantly (α≤0.05) positively correlated with ammonia and negatively correlated with pH. Fall samples (September-October 2002) were arranged along this second axis. Very similar relationships were revealed by the phylogenetic and functional groups as well (data not shown). Spring samples were related to high dissolved oxygen and pH, summer samples to high temperature and total phosphorus, fall samples to nitrate, while winter samples were highly correlated with high conductivity and chloride.
In terms of morphologically-based functional groups (MBFG), there were no striking differences among sites in either year. However, there were some distinct temporal patterns in relative biovolumes of groups III (large fila- Fig. 3 . Non-metric multidimensional scaling (NMDS) plot (two dimensions, stress 18.2) based on species composition of phytoplankton samples (n=48) from Mona Lake. Each sample is represented by its month and year of collection as well as its site location (site 1, Great Lake-influenced, through site 4, lotic-influenced), symbol legend in the lower right corner). See Fig. 1 for a Fig. 4C ). Spring and summer were dominated by groups III and VI (Fig. 4 A,C) , while group V was abundant in winter and early spring (Fig. 4B) . In July and August of 2003 (after algaecide application), groups III and VI were more numerous than others.
Functional group (FG) classification also revealed no apparent site differences. However, there were temporal differences among the dominant functional groups. Summers were characterized mainly by group Lm (summer epilimnia in eutrophic lakes, Fig. 4E ). Group H1 (nitrogen-fixing Nostocaleans, Fig. 4D ) was present in most months, with higher abundances in late spring and early summer. Functional group S1 (turbid mixed waters, Fig.  4F ) also was abundant in the summer when it averaged 83% and 87% in July and August of 2002, respectively. Despite its high relative abundance in the summer, group S1's overall relative biovolume decreased by 13% from site 1 (48.4%, Great Lake-influenced) through site 4 (35.0%, lotic-influenced). However, this trend was observed only for the relative biovolume data, not for the absolute values.
Phytoplankton communities were dominated on an annual basis by cyanobacteria followed by chlorophytes and diatoms (Fig. 5) . Temporally, cyanobacteria comprised >90% of the total biovolume in the summer. Relative contributions of cyanobacteria were the lowest in winter and spring, when they accounted for <5% of the total biovolume in a sample. A decline in cyanobacterial abundance was observed in July 2003 when diatoms comprised the majority of the phytoplankton community (reaching their highest concentration) after algaecide treatment of the lake. However, cyanobacteria recovered by the following month The ordination based on species data was similar to the ordinations based on functional groups (MBFG and FG) . In all of them, most samples were grouped based on time rather than space. However, the ordination based on FG resembled the one based on species data the most, including the sample clusters from July and August 2003 (after algaecide treatment). The ordination using MBFG resulted in less conspicuous sample groupings based on time. In all ordinations, one sample stood out as an outlier. This sample was collected on February 17, 2003 and was dominated by a chlorophyte Chlamydomonas globosa Snow (47.1%), a dinoflagellate Glenodinium quadridens (Stein) Schiller (29.6%), and a euglenoid Trachelomonas hispida (Perty) Stein (21.2%).
DISCUSSION
Hydraulic residence time can have a major influence on lake biology and chemistry (Søballe and Kimmel, 1987; Schallenberg and Burns, 1997) . Lakes with a short HRT flush quickly resulting in greater mixing of plankton and fewer opportunities for plankton to bloom or for nutrients to accumulate. In contrast, the opposite trends can occur in lakes with a long HRT. For example, Lindström and Bergström (2004) observed greater similarities in bacterioplankton assemblages in a short HRT lake compared to a long HRT lake, although Beisner et al. (2006) noted that an organism's dispersal ability also can influence its growth patterns. In the present study, despite the relatively short HRT of Mona Lake, we expected to detect some differences in phytoplankton spatial distribution given the system's three hydrologic zones (Great Lake-influenced, lotic-influenced, and transitional). However, no distinct spatial patterns were evident in terms of phytoplankton biovolume, species composition, and functional groups, despite this river-to-lake gradient. We hypothesize that the lack of spatial discrimination is a result of the lake's relatively small size and its horizontally well-mixed waters, although our relatively coarse sampling frequency (monthly) may have missed finer scale temporal changes. The perennial river inflows, short retention time, and potential water exchange with Lake Michigan (Evans, 1992) appears to result in a well-mixed phytoplankton community. A similar lack of spatial pattern in phytoplankton communities was observed in Muskegon Lake, another drowned-river mouth lake located 5 km north of Mona Lake (Gillett and Steinman, 2011) .
Phytoplankton communities in Mona Lake revealed stronger patterns on a temporal than spatial scale. Similar to other shallow lakes , phytoplankton biovolume and species composition showed increased cyanobacterial dominance in the summer months. Cyanobacteria often dominate the phytoplankton community under warmer water temperatures and relatively calm conditions (Paerl and Huisman, 2008; Imai et al., 2009; Wynne et al., 2010) . The temporal changes in phytoplankton species, i.e., the seasonal change from diatoms and chlorophytes (spring) through cyanobacteria (summer) to chlorophytes (fall and winter), conforms to previously described phytoplankton succession in north temperate lakes (Sommer et al., 1986; Reynolds, 1988) . It is defined by physical factors such as temperature, turbulence, nutrient availability, and light (Reynolds, 1989) . It is unclear if the inter-annual shift from Planktothrix agardhii-dominated assemblage in summer 2002 to Aphanizomenon flos-aquae-Microcystis in summer 2003 is due to natural conditions or the algaecide application. Such species shifts have been associated with low nitrogen to phosphorus ratios and reported from other eutrophic riverine lakes in Northern Europe (Teubner et al., 1999) . However, since our summer samples in 2003 were collected 2 to 4 weeks after algaecide application and there were no noticeable changes in environmental conditions, we can only speculate about the causes of such shifts in species composition. MBFG seasonal succession mirrored the species-based one despite its independence from taxonomic affiliations. The MBFG is based on morphological features and size, and while some groups are taxonomically homogeneous (e.g., group VI includes all diatoms), others include species across divisions (Kruk et al., 2010) . The dominance of group III species through spring and summer (especially in 2002) is likely attributable to both their large size, which makes them resistant to grazing, and the presence of gas vesicles, which enables them to persist longer in the water column and gain access to light and nutrients (Kruk et al., 2010) . The abundance of group V in winter and early-spring samples might be explained by their moderate size and mobility (possession of flagella), which allows them favorable positioning for resource acquisition (Kruk et al., 2010) during periods of limited light availability and higher turbulence. Functional groups Lm, H1, and S1 are usually dominant during the growing season (Borics et al., 2012) . Group Lm (abundant in the summer of 2003) includes Microcystis aeruginosa, whose large colony size and motility enable it to harvest resources at different depths under stratified conditions (Reynolds et al., 2002) . Group H1 includes eutrophic N-fixing species, which were abundant in late spring and early summer when either nitrogen or both phosphorus and nitrogen are the limiting nutrients in the lake (Biddanda et al., 2008) . Group S1 (solitary filamentous cyanobacteria), which was most abundant in the summer of 2002, is specific to enriched and shallow lakes such as Mona Lake.
There was a lack of a distinct response in biovolume after the sewage spill in summer 2002, but there was a noticeable response in phytoplankton species composition. The spill happened near site 3 and seemed to impact phytoplankton at that site and the ones downlake of it (sites 1 and 2), compared to site 4 (above the spill). Also, after the spill the species richness was the second lowest (8 taxa) recorded in our study. The phytoplankton community at that time was dominated by eutrophic, and potentially cyanotoxin-forming species, such as Aphanizomenon flosaquae (>16%), Microcystis aeruginosa (<8%), and M. wesenbergii (<4%). The Mona Lake phytoplankton exhibited a larger change in species composition after the lake-wide algaecide application in summer 2003. Following the algaecide treatment, cyanobacteria were still present and diverse but a diatom species (Stephanodiscus sp.) became most abundant, reaching its highest relative abundance (>48%) 12 days after the treatment. This diatom belongs to a genus with no common ecological preference (Stoermer and Julius, 2003) . Species in this genus occur in different trophic conditions, including highly eutrophic waters with severe silica depletion (Stoermer and Julius, 2003) . However, because silica was not measured in this study and none of the nutrient concentrations in July were higher than usual, it is unclear if nutrients acted as a stimulus for the growth of Stephanodiscus sp. The next most abundant taxa after algaecide application were Microcystis aeruginosa (<33%) and M. viridis (<18%), possibly indicating a recovered algal community as these two taxa are commonly found within 7-21 days after treatment (Hanson and Stefan, 1984) . Algaecide (copper sulphate) treatment results in reduced algal biomass but its efficacy depends on the activity of ionic copper, lake water chemistry (e.g., pH, hardness, alkalinity, conductivity), and algal sensitivity (e.g., algal species have variable tolerance to copper toxicity) (McKnight et al., 1983) . Algaecide applications in Mona Lake during the summers of 1970-1975 resulted in control of phytoplankton levels and delayed phytoplankton blooms (Freedman et al., 1979) .
The most important environmental variables structuring phytoplankton communities in Mona Lake varied seasonally and they included dissolved oxygen and pH in spring, total phosphorus and temperature in summer, and ammonia in fall. High dissolved oxygen concentrations in the spring correlated with low phytoplankton biovolume, which presumably resulted from low temperatures. Herbivory at this time of the year is thought to be negligible given typically low zooplankton biomass (Makarewicz et al., 1995) , although we did not measure this in Mona Lake. Similar to other studies (Freedman et al., 1979; Huszar and Caraco, 1998) , high total phosphorus concentrations and high temperatures correlated with the highest phytoplankton biovolumes, which were measured in the summer of 2003. During summer stratification and anoxic conditions, internal phosphorus loading accounts for 68-82% of the overall phosphorus load in Mona Lake (Steinman et al., 2009) , and may be responsible for promoting and maintaining algal blooms (Cymbola et al., 2008) . These blooms may be prolonged into the fall season when lake turnover brings up bottom waters high in phosphorus and ammonia (Freedman et al., 1979; Steinman et al., 2006) , which is the preferred source of nitrogen for algae. Recent studies have indicated that the phytoplankton in Mona Lake appear to be limited by either nitrogen or co-limited by phosphorus and nitrogen Biddanda et al., 2008) .
Despite the flow-through hydrologic characteristics of this lake system, the observed phytoplankton seasonal changes agreed relatively well with the ones predicted by conventional phytoplankton models such as PEG (Sommer et al., 1986) . Similar to the model, our spring samples were abundant in chlorophytes and diatoms but the chlorophytes were replaced by cyanobacteria in late spring, not in the summer. This earlier seasonal shift toward cyanobacteria may be attributed to earlier warming associated with climate change (Pearl and Huisman, 2008) and to the lake's phosphorus-rich conditions Biddanda et al., 2008; Steinman et al., 2009) , which favour cyanobacteria (Schindler, 1977; Downing et al., 2001) , and especially nitrogen fixing cyanobacteria (e.g., Anabaena, Aphanizomenon), over other algae (Sommer et al., 1986; Tilman et al., 1986) . Nitrogen fixers were not common in the lake in the early 1970's (Freedman et al., 1979) , perhaps because of the elevated nitrogen concentrations at that time. Summer dominance by cyanobacteria may be a characteristic of eutrophic lakes regardless of lake stratification (Sommer et al., 1986) . In addition, the gradual decline in total nitrogen to total phosphorus ratio from spring to autumn N o n -c o m m e r c i a l u s e o n l y might be a potential driver for the seasonal increase in cyanobacterial biomass in the lake (Biddanda et al., 2008) . The cyanobacterial dominance continued throughout the summer in both our study years, with a minor interruption in July 2003 when an algaecide treatment of the lake resulted in a change in species composition towards diatoms. Unlike the PEG model, fall was still dominated by cyanobacteria (albeit less so than in the summer) and chlorophytes. Such gradual changes in biomass from summer to autumn may be more characteristic of eutrophic lakes (Sommer et al., 1986) where climate change might prolong summer stratification and the cyanobacterial growth season (Pearl and Huisman, 2008) . During winter stratification when the lake is frozen and nutrients concentrations are low , the phytoplankton community was dominated by chlorophytes and dinoflagellates. These algal groups are not uncommon for ice-covered eutrophic lakes (Wiedner and Nixdorf, 1998) but this finding disagrees with the PEG model's prediction of winter dominance by diatoms. De Senerpont Domis et al. (2012) noted that system-based deviations from PEG are to be expected because it emphasizes physical factors, grazing, and nutrients rather than biological drivers such as microbial organisms, parasites, and fish.
CONCLUSIONS
River-mouth ecosystems provide diverse and critical habitats in the Great Lakes (Jude and Pappas, 1992; Bhagat and Ruetz, 2011; Larson et al., 2013) . The current study examined phytoplankton communities from both traditional (taxonomic) and less traditional (i.e., functional groups) perspectives in an attempt to better understand their spatial and temporal variability in a drowned rivermouth lake. There was a good agreement between the seasonal successions of species and MBFG classification, while both species and functional classifications (FG and MBFG) reflected similar environmental conditions. Phytoplankton dynamics in Mona Lake were partially explained by the PEG model; our observations revealed different fall (cyanobacteria and chlorophytes) and winter (chlorophytes and dinoflagellates) communities than predicted by PEG. Our data indicate that there is a strong seasonal change in phytoplankton with summer biovolume dominated by cyanobacteria, which are stimulated by the high phosphorus concentrations in the lake. This seasonal change conformed relatively well to the PEG model, which might have predictive applications in the management of the lake (e.g., control of algal blooms). A sewage spill reduced taxa richness to a minimum while an algaecide application resulted in changes in species composition. These two events, while unexpected, may be symptomatic of future conditions, as human pressures are anticipated to grow in river-mouth systems such as Mona Lake. In addition, expected increases in air temperature associated with climate change may lead to lower water levels and longer periods of sustained low flow, perhaps resulting in greater opportunity for hydrologic zonation and distinct phytoplankton differences within drowned river mouth systems. It is unclear if episodic storm events, and associated stormwater runoff (Hayhoe et al., 2010) , will disrupt these distinct anticipated phytoplankton assemblages. Regardless, these climate-and human-induced changes can profoundly impact phytoplankton through longer growing seasons, deeper thermoclines, increased internal nutrient loading, shifts in community composition toward toxic cyanobacteria (Jӧhnk et al., 2008; Markensten et al., 2010) , and altered ecosystem functions (Carey et al., 2012; Paerl and Paul, 2012; North et al., 2014) . 
